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CONTHIBUTION TO THE ANALYSIS OF LIGHT ELEMENTS USING */1
X-FLUORESCENCE EXCITED BY RADIOELEMENTS

André Robert

In order to study the possibilities of using radiocactive
sources for the X~fluorescence analysis of light elements,
the principle is given, after a brief description of X~fluo-
rescence, of the excitation of this phenomernorn by X, 8, and
a emissiorn from radicelements. The operation and use of the

proportional gas counter for X-ray detection is described.

N,

- gdevice has been studied for analyzing the elements of the

ST
228 ang 3rd periods of the Mendeleev table. It makes it

possible to excite the fluorescence with a radiocactive
source emitiing X-rays or & particles; the X-ray fluores-
cence penetrates into a windowless proportional counter,

this being made possible by the use of the auxiliary elec-
tric field in the neighborhood of the sample. The gas
detection pressure leading to the maximum detection yield

is given. The spectra are given for the Kq lines of the

3rd period elements excited by ®°Fe, ®H/Zr and ®*°Po sources;
for the 2nd period the Kg spectra of carbon and of fluorine

excited by the @ particles of 210p,,

INTRODUCTION

Under certain physical conditions, the peripheral electrons of a given

* Numbers in the margin indicate pagination in the original foreign text.



atom may pass from one energy level to another. Such transitions are accom~
raried by an electromagnetic radiation whose wavelength may extend from the
visible spectrum to the X-ray spectrum, depending on the atomic number of the
element and on the electron orbits considered.

About 100 years ago, Bunsen and Kirchhoff designed a practical spectro-
graph and, by deriving fundamental laws with respect to the emission of the
characteristic spectrum of an element, demonstrated the possibility of using
this spectrum for analytical purposes.

Starting with the XIX Century, spectroscopy developed further and finally

became one of the foremost methods of gualitative analysis. Experiments by

¥oseley in 1913, Coster. and Hevesy in 1923 demonstrated the possibility of

using the A-ray radiation spectra, emitted by the atoms, for gereral analysis.
This work permitted to free the field of spectrometry of the difficulties in
working up the optical lines emitted in large number by the atom.

The quality of the electronic apparatus and the detection techniques, over
several decades, permitted a considerable progress in analytical methods by
X-ray fluorescence. The measurement of the intensity and frequency of fluo-
rescence radiation is applied to a quantitative and qualitative analysis of
various elements, starting from magnesium, for physical states such as solids,
liquids, and powders.

X-ray fluorescence analysis forms part of the great variety of physical
analytical methods that make use of the properties of radiations. In these
various methods, X-ray fluorescence occupies a position among those in which
the element to be determined emits a characteristic secondary radiation, in-
cluding:

analysis by neutron activation; /2

2



analysis by detection of gamma rays emitted by the nucleus during
capture of a neutron;
analysis by detection of secordary radiation at the reactions (Y, n)
(@, mv), (@, py).
Of this enumeration, we will retain the analyses by neutron activation and
by X-ray fluorescence, as proved and currently applied methods.
The high sensitivity of an analysis by neutron activation has made this a
method of choice for research on traces. The theoretical limits of this method
are imposed by the effective cross section of the element to be determined and

by the period of the nuclide formed. The necessity of an intense neutron source

{ruclear reactor) mav present a vractiral limit. while awaitire the rnesihility

of using small deuteron accelerators that produce 1l/-Mev neutrons by nuclear re-
action.

Over a period of several years, numerous studies have been made on replac-
ing the X-ray tube, in X-ray fluorescence analysis, by a radioactive source.
This yielded various advantages.

The radiation spectrum of the radioactive source is invariant, and the in-
tensity of its emission is affected only by statistical fluctuations inherent to
the randem character of the nuclide disintegration and by the decrease in activi-
ty, in obedience to a well-known law which is a function of time and of the
half-1ife of the nuclide.

The elimination of the exciter tube and of its stabilized feed presenfs an
economical advantage, in view of the cost of a radiocactive source.

Reduced cost price, small dimensions, ruggedness, and absence of mainte-
nance of the exciter system by radioisotopes generally makes this technique use-

ful for rondestructive testing of strength or thickness of coatings of industri-




al products.

In industrial laboratories, it will become possible to design various
equipment with this technique, for determining, for example,
tungsten in steels to within 1%, in 20 sec;
cobalt in hydrocarbons to within 0.01%, in 3 min;
uranium in solutions with a sensitivity of 50 ppm;
calcium and iron in cores of Lorraine iron ore, with a sensitivity of
3% absclute.
In practical application, the limit of analysis at low atomic numbers is

shifted toward magnesium, for the two excitation techniques, namely, by X-ray

-w - . s ~ 33 & . = T . (e T T U U P  |

bility and the use conditions of radioelements in the X-ray fluorescence analy-
sis of light elements, specifically of the first of the third period in the /3
periodic table, as well as those of the second period, i.e., from lithium to
fluorire.

To reduce this aralysis limit of light elements, several practical ad-
vantages can be obtained with an excitation by radiocelements that could be se-
lected on the basis of preceding studies. However, some theoretical interest
may lie in the use of a-radiation for excitation of light elements.

After a brief review of several general principles of X-ray fluorescence,
this paper will give the considered solutions in their basic principles and the
difficulties presented by an analysis of light elements.

Using the described means, the experimental conditions and the obtained

results will be discussed in Part II of this report.



PART I

I. THE PHENOMENON OF FLUORESCENCE /7

I.1l Quantization of Electron Levels

According to Bohr's atomic theories, complemented by Sommerfeld, the
electrons are distributed about the nucleus in quantized energy levels. Schro-
dinger associated a wave function, independent of time, with the electron. The
solutions of this equatior introduce whole numbers, known as quantum numbers;

these fix the M™position" of the electron in the atom.

the electron.
n = principal quantum number, able to assume integral values: 1, 2, 3,
L, eeeoj these values correspond, respectively, to the shells K, L,
My, N, cee3
1 = azimuthal quantum number, able to assume the values 0, 1, 2, ...,
n - 1, correspording to the subshells s, p, d, f, ...; the half-
integer of the electron spin decomposes the value of 1 such that
1 £ 1/2, but must always yield a positive number. Thus, 1 and the
spin determine the subshells;
m = magnetic quantum number, able to assume the values -1, -(1 - 1),
eeey =1, 0, 1, 40s, (1 -1), 1.
The latter intervenes in the Stark as well as the Zeeman effect, where a
slight variation in the radiation frequency is observed.
Each group of these four quantum numbers defines a single electron in the

atom, in accordance with Pauli's exclusion principle.
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If a peripheral electron receives an ernergy quantum of a value sufficient
for being ejected from the shell it occupies, a vacancy is created which can be
filled by an electron coming from a shell less rigidly bound to the nucleus and

having a higher energy level,

The transition of an electron from one shell to another modifies the energy
of the atom.. The law of the conservation of energy is obeyed by the appearance
of X-ray radiation, known as fluorescence, or by the emission of an electron.

An electron transition gives rise to an electromagnetic radiation of the
energy hv, defined by the levels in question. /8

; , and h is Planck'!s constant

Here, v is the radiation frequency v =

h = 6.625 x 107°7 ero-sec.

Transitions between levels, having the same value of 1, are forbidden.

A fluorescence radiation is designated by two letters. The first letter
indicates the shell where the vacancy had been created while the second letter
denotes the shell where the transition electron originated. These two letters
can be supplemented by a number that defines the subshells; examples are
Lijro; KBy. Figure 1, according to Brown, shows the numerous possible transi-

tions in a uranium atom.

1.2 Qualitative Analysis

For a given transition, the energy of the X-ray fluorescence quantum is
characteristic of the excited element. Thus, it will be possible to associate
an element with the detected fluorescence energy. Table 2 gives the X-ray
fluorescence energy of the Koy line for the second and third period.

The frequency Vv of K-fluorescence radiation, as a function of the atomic

number Z, obeys the following law established by Moseley: /10
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v =
o 0874 Z - 113
where R is the Rydberg constant and R = 109,737 emt.

Figure 2 presents this energy variation as a function of Z (Bivl.1).

Period | 2z Elements Line Ky o E B
ev A
3 Li 52 238.3
4 Be 110 112.7
5 B 185 67
204 6 ¢ 282 44.9
7 N 392 31.8
8 0 523 23.8
] P 8717 1IR. 2
11 Na 1 041 11.9
12 Mg 1 254 9.88
13 Al 1 487 8.34
14 si 1 740 7.12
jrd 15 P 2 015 6.15
16 2 308 5.37
17 c1 2 622 4.72
18 A 2 957 4.19

1.3 Fluorescence Yield

The term MAuger effect™ is used for the phenomenon in which the fluores-
cence radiation, by photoelectric effect with a peripheral electron of the atom,
is converted into the emission of ar electron.

For example, let an atom be excited at the K level and let us assume that
it can emit the X-Ko; fluorescence radiation of an energy Ex - Eyg; (here, E
derotes the energy level of the shell under consideration). Certain of these
photons, again by photoelectric effect in the shell Lijy may decay by ejecting

7
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an electron from this shell, The emitted electron or WAuger electron® will have
the energy
L PR P

Thus, in the de-excitation of the atom, the emission of a photon and that
of an electron are two concurrent processes.

Let us take the simplifying hypothesis of a target consisting of a single
type of atoms, irradiated by an X-ray beam. Let n, be the atoms excited in
unit time at the level g, and let n;, f be the number of atoms emitting the
line i of the series g, in unit time.

The following ratio is designated as the fluorescence yield w,, corre-

e A hm ARl VAT e

-
=]

where W, is proportional to the probability of fluorescence emission from the
shell qg.
This yield is a function of the atomic number Z of‘the excited element.
The following relation
[
empirically derived by Arends (Bibl.5), reduces to that derived by Wentzel, who

established his expression by a wave-mechanical expansion.

I.l, Quantitative Analysis

Let a monoenergetic X-ray beam of a frequency v; and an internsity I, irradi-
ate a target of a surface s and a thickness d, at an angle of incidence 9. For
simplifying the description, let us assume that the target consists of a binary

compound of the elements A and B. In studying the fluorescence radiation of




the series g of the element A, produced in the target by the primary radiation,

we can obtair a relation of proporticnality betweer the intersity of isotropic

Wy os J///’/—V
06 /

0,4

ot} v

20 40 & 80 — 7

emission of A and its concentration in the target. The accompanying diagram

and the following definitions will define the notations.

Z‘ ‘§ -
) Pa
( / X
}/ \K
v 4
1,4 ! 12

In the target, M, and Mg, respectively, denote the volume masses of the /12

elements A and B; # is the linear absorption coefficient, correspording to @ =
={ +0; { and ¢, respectively, are the partial absorption coefficients, of the
photoelectric and the diffusion type.

For the traversal of a binary medium, we haveA_w )

10



where
e = mass absorption coefficient, connected with 4 by the general rela-

tion 4, = —%—;

= density;

©
1

1 lirear absorption coefficient of the target, linked to the incident

radiation of a frequency v ;

rq = ratio of the values of { at the extremities of the absorption dis-
centinuity ge.

The intersity of the incident energy flux, at a depth x of the target, will

be reduced to By o x
LHay = Iy e” snd .

The absorption due to the photcelectric effect, over a thick

the element A will be

-ul.x .
dE ,= I e sin @ clmA .My — s . sin @
and, for exciting the level q,
l‘q-l K1A _ul.x
(d By g = o C T I, . e sin® M, . s . dx}.

The number of primary photéns absorbed by the level q of the atoms A in

the layer dx is

= (d E; )
by, he 1 4%

to which corresponds the number ng ¢ s ¢ dx of atoms A excited in the volume

11



s ¢ dx, i.e.,

« X

B A [13

. Il e sin Y . .A . s . dx

he T P A

where w, is the fluorescence yield of A at this level; p; 1is the probability
that an atom excited at the level q emits the line i.

The rumber of atoms emitting the radiation i will be

- ] r e
Y, . 5 . dx= w .+ P M1 A q -1
q’A q i 'tl .
he PA To A
e T
Il e 81in® . B . dx

‘dEZA)i'hVi-n:.s.dxs b A
A Ty PA
M. x
‘?' W ) sinQ)
14 ° Y o Py o 14 e 8 dx .

We will determine the fluorescence intensity I;, i of A at a distance R
from the target (E » d) over a surface of 1 er® and perpendicular to the X-ray
emission at an angle ¥. !

Here, w4 is the absorption coefficient of the target for the frequency Vvi:

d A r 1 N
(I, , A)y = 1 1 s A L, . ow .
i 0 4nl{f )\1 rq PA 1A q. by 1
Hy Hy
- +
e 8inQ sin ¥ 8 dx



I1 r‘l - 1 C1a iiA
Iy, Ay = 5 " “’q . Py . 8 . sin ©
4 TR !'q By PA
— - {1!5
Hy 13 K
x . 1ee sin @ - sin V¥ -
sin @ By
1+ —_—
8in ¥ My

L -

For the total emission of the level g, we have
(IZ’A)Q. % (Iz'A)i'i

If d is sufficiently large, all of the X-rays will be absorbed in the target,

and
.2
%A i 1, Tq - 1
Iy e —— . w0 . p; - .
% PRCPS S rq
xl/ Ai i
x -
sin @ 5
+ i
sin V¥ ul

In first approximation, the fluorescence radiation emitted by the element A

can be considered proportional to its concentration in the target.

JT.4el Matrix Effect

The values iy and iy are functions of various volume masses M,, Ms, M,
eee, Of the constituent elements of the specimen. If A is the element to be
determired, a variation in Mas, M¢, ..., will influence the expression of (12,
A), (Bibl.59, 60, 61). The photoelectric absorption of the incident radiation
Vi by the elements B, C, ..., may gererate a secondary radiation of an energy

sufficient for contributing to the excitation of the element A. By attenuation

13




or by reinforcing the investigated ray, the variation in the matrix composition
introduces a supplementary parameter into the quantitative analysis.

L.S.Birks and D.L.Harris (Bibl.62) demonstrated an unusual matrix effect.
An analysis of the iron in chromite-~olivine ore (Cr and Fe) shows that the in-
tensity Ka-Fe decreases with increasing iron concentration.

Various factors may influence the intensity of the fluorescence radiation.
For low energies, the detected fluorescence radiation concerns only the surface
portion of the specimen and thus will impart a satisfactory homogeneity of /15
the element to be aralyzed.

Considerations of statistics arnd geometry indicate that, for a pelleted

specimen, a granulometry of the order of one micron is to be preferred.
I.4.2 Calibration

Since the matrix effect does not permit a simple linear relation between
the fluorescence intensity of a given element and its concentration in a given
matrix, various aralytical methods have been investigated.

It is possible to make a systematic study as to the influence of each in-
dividual element on the radiation of the element to be analyzed. If the com-
position of the matrix is known, it becomes possible to mathematically derive
the corrections to be made for the analysis. This tedious method, of only
moderate accuracy, presupposes that the exciting spectrum is known.

An almost complete elimination of the matrix effect can be obtained by
diluting the specimen with very light elements.

The method most frequently used because of its simplicity and accuracy
consists in a comparison of the specimen with standards having the same matrix

and ir which the content of the element to be analyzed spans the content to be

1



determined.
II. DETECTION OF X~-FAY RADIATION BY PROPORTIONAL COUNTER

The aralysis by X-ray fluorescence is based on the possibility of selec-
tively measuring a single ray of the characteristic radiation of the investigated
element.

In classical X-ray fluorescence analysis, a crystal known as the analyzer
diffracts the radiation emitted by the specimen. This diffraction of the wave
radiation associated with the photons takes place in accordarce with Bragg's

relation: 2d sin 6 = ni\.

Specimen

\ .
\ n is an integer
d is the crystal
Seler lattice spacing
slits i

X-ray tube

This process permits a fine resolution in studying a given speétrum. The
X-ray tube abundantly irradiates the specimen and thus compensates the poor
yield of the crystal.

At the limiting condition of & = 900, the first order of the Ka line will
be diffracted if d = A/2.

At low energies, this raises the difficulty of finding crystals with a suf-
ficient lattice spacing, starting from sodium. For aluminum and magnesium,

synthetic EDDT and ADP; crystals® are in common use.

% EDDT = d-ethylenediamine tartrate; ADP = ammonium dihydrogen phosphate.
15



For extremely low energies, the radiation is diffracted by a grating
formed of superposed films (Bibl.21, 33).

L.G.Dowell designed a diffraction grating, formed of 135 single layers of
lead stearate, with an effective spacing of about 51 L. This diffracting system
permits an analysis of C, N, and O.

Nondispersive X-ray radiation can be ensured by a detector whose respornse
is an electric pulse of an amplitude proportional to the absorbed energy.
Scintillatior detectors, gas-filled proportional counters, and semiconductors
have this property.

The ernergy distribution of the detected X-ray radiation is obtained by
spectrometry of the pulse heights, furnished by the detector.

This analytical technique, at low energies, prevents the difficulties en-
countered in diffraction.

detectors

Semiconductor , can be used at present only for energies higher than several
tens of Kev. For low energies, the proportional counter is preferable over /17
a scintillation counter which has a higher background and a less satisfactory

resolution., On the other hand, the selection of a thin window for the scintil-

lation counter is limited by the requirement that this window be light-tight.

17.1 Operating Principle of the Proportional Counter

Detection of X-ray radiation of an energy E proceeds by ionizing the gas
ir the counter, after which the produced photoelectrons are collected on the
arode,

A system of concentric electrodes creates a convergent electric field of

the form

16



where

1]

V = potertial difference between the electrodes;

]

r. and ra = radii of the cathode and anode, respectively.
If wy is the ionization energy of the gas, the rumber of photoelectrons

produced will be

« In proportional operation, the photoelectrons in the
electric field acquire a kiretic energy sufficient for ionizing other atoms so

that, for a quantum E, the anode will collect A -«

electrons. Here, A de-
notes the gas multiplication factor.
Rose and Korff (Bibl.12) formulated the first theory of gas amplification

and derived the following expression for A:

v
A = exp ~2(a'Nm‘cc'ra-V)l/2o l};—)llz'l]

o

where
a = gas constant;
Na = number of molecules per unit volume;
Ce = capacity of the counter per unit length;
Vo = threshold of the proportional region.

However, several hypotheses limit this theory:
The ultraviolet radiation emission arnd the photoelectric effect on the
cathode are negligible.
The secondary electron emission, produced by the positive ions on /18

the cathode, is absent.

17



The fluctuations in the specific ionization of the filling gas and
electron attachment to the electronegative impurities are insigrificant.

A modified theory, formulated by Diethorn, is expressed by the relation

V Log 2 v
Log A =

E'V Log

where

"

p = pressure;

AV and K = characteristic coefficients of the gas.

Kiser (Bibl.1l3) demonstrated that this theory agreed best with the experi-

mental results; he also measured AV and K.

Gas Filling Ev v i

volts V/mn Hg ev
99,8 % Cig + 0,2 % A 38.3 225 28,9
CH4 40.3 190 28.9
7.9 % CH4 + 92.1% A 30.2 102 26,1
90,3 % CH‘ +9.7% A 28.3 287 28,7

The maximum amplitude Va of the pulse collected at the anode depends on
the law of the collection of charges as a function of time which, in turn, de-
perds primarily on the transit time of the sheathAogositive jons created in the
vicinity of the arode. In fact, the mobility of the electrons is 16* to 10*
times that of the heavy positive ions.

For ar infinite charge resistance R, we have the asymptotic value




On giving a sufficient value to the time constant R. with respect to the

rise time of the pulse, we will have (Bibl.l4):

A.E.,. e
Yt = .

t
« Log (1% —=)

r 'y

c

2.9 .CLog

Ta

with . /19

2 ¢
P.prg° Log r./ry {

t, =
2V.u |
where
o = mobility of the positive ijons;
C = capacitance distributed between arode and ground, from the filament

to the grid of the first tube.
The dispersion in the arrival time of the electrons at the ancde will be
decisive for the validity of this relation. On the other hand, at high values

of A, the space charges may perturb the function V.

11.2 Filling Gas

Under the effect of the ionizing radiation, the filling gas of the counter
becomes an electron generator. These photoelectrons and the secondary electrons
are grouped in the time of collection on the anode. The induced pulse amplitude
represents the energy of the absorbed radiation. The number of these pulses
per unit time will be the mirror image of the intensity of this same radiation.
Various phenomena may disturb this mechanism and falsify the test results. The
main error source usually is an incomplete collection of the electrons on the
anode, or the fact that the ionizing particle transfers its energy to the gas
in a form different from jionization. Thus, in a gas containing electronegative

molecules such as Oz and HaO, the free electron would have a ron-negligible

probability of attachment , as indicated in Fig.3 (Bibl.l5).

o4
Pw
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If the ionization of the gas is intense, recombination of the electron
with a positive ion becomes possible.

Figure 25 gives the mass abscorpticn coefficients for the gas mixtures A +
+ 10% CHq and He + 10% CHg, as a function of the wavelength of the X-rays.

Disregarding the two preceding phenomena, the amplitude fluctuation P of

the pulse, furnished by the proportional counter, can be written in the form

GRS T

where
N = number of primary electrons created by the ionizing particle;
A = number of secondary electrons created by a primary electron.
a) Primary Jonization /20

2

The term (—%?—) , studied by Fano, was found equal to —%L, where F is
known as the Fano coefficient.

For hydrogen, we have 1/3 < F < 1/2,

The energy of the ionizing particle to be detected cannot be entirely con-
verted for ionizing the detector gas. In fact, a relatively large number of
gas molecules may be excited, often at a metastable state. The optimum gas
detector is one in which the major portion of the particle energy is used for
ionizing this gas. Certain gas mixtures have the property of reconverting the
energy fraction, used for the excitation, into ionization energy by secondary
effect.

This phenomenon had been demonstrated by Korolev (Bibl.l6) for CH, contents
of less than 6% in the argon. In Fig.,, the function Log A = £(V), given by

this author, is plotted for various mixtures of A and CHg.
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From O to 6% of CHs, the increase in the coefficient A is due to secondary
ionization, produced by collision between the excited argon and methane atoms,

such that

4

A* + CH ——e=a + CH] + " £ DE |

|
where AE denotes the variation in kinetic energy of the incident particle. This
phenomenon of de-excitation is made possible by the fact that argon has more
than hurdred excitation levels above the ionization potential of methane.

For methane contents above 6%, it should be recalled that there is an in-
verse effect due to the known fact that the addition of a polyatomic gas to a
moratomic gas causes the mean energy of the free electrons to decrease. Simul-
taneously, the multiplication factor also decreases. A large portion of the
excitation photons, produced in the Townsend avalanche, is absorbed by the
heavy gas; however; the slope of the function Log A = F(V), on descending,

yields a greater operating stability.

b) Gas Amplification

2
The term —%— ( i} ) is introduced by gas amplification of the primary
3
electrons, Frish and Snyder give a value of (—%#— = 1; however, Curran's

2
theory, experimentally verified, reduces the quantity (J%#—) to 2/3.

In first approximation, according to the above statements, it will be

2
possible to write ( 2? ) ~ .

T

This number N becomes principal, and an attempt should be made to in- [22

crease it, The quantity N is linked to the ionization potential of the gas:
E

N = —

w4

*

Thus, the gas used should have the lowest possible w; .
In the gas amplification, the probability of secondary ionization will
21
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also be a function of wy (Bibl.17), as indicated in Fig.5.

I1.3 Possibilities of Detection by Proportional Counter

Gas-filled proportional counters have been in wide use as detectors,
furnishing a response proportional to the energy. The progress made in the
field of photomultipliers has led to replacement of scintillation counters by
proportional counters, in numerous cases. However, for soft X-rays (energy
below 10 Kev), éhe proportional counter remains the detector of choice. This
type of detector has the advantage of a resolution 2 - 3 times better thar that
of a scintillation counter; in addition, its background is less and its recovery
time is short.

The possibility of determining, at will, the nature and the pressure of
the filling-gas mixture permits varying the efficiency of detection and, with

the same token, obtaining a selective efficiency for a given energy.
Resolution

We will attempt to derive the theoretical resolving power of proportional

counters from the previously obtained relation:

cpP\?2
()N.z.
P K

]
=
]

energy of the detected particle

ALY
P T Wy = jonization energy of the gas

The resolving time is defined as the ratio of the width of the peak.at
23
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midheight to the abscissa of the peak.
The width of the peak atmidheight will be equal to the dispersion oP, with
the coefficient 2.35,.

From this, we obtain the expression for the resolution /24

1

Ap Wy
—— = 2.354 .
P E ;

For the gas mixture of A + 10% CHy, we have wy; = 26,7 ev and

Ap 0.384

P \E zev
The factor 0.38) appears higher than expected from the experimental results

oA
A L

A possible expression for the theoretical resolution will be

(Bibl.63) obtained for the value of

Ap 0.35

|
l
P vE Kev 2

Too intense an ionization of the gas produces space charges and deterio-

rates the resclution. Pontecorvo (Bibl.18) places a limit Ac, on the gas ampli-
fication factor up to which resolution will be maintained:

E. A, =~ 108 e

—1
10, 000

mended. The end effects may produce a rise at low energy and influence the

Stability of the very high voltage (VHV) of at least is recom-
resolving time.
Still other causes may affect the resolution, including:
phenomena of attachment and recombination in the detection gas (11.2);
surface finish of the anode filament.
We have proved that a minimal mechanical tension of the anode filament is neces-
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5ary.

Spectra of very low energy have been detected with proportional counters;
one merely reeds mention the X¢ line of carbon of 282 ev, excited by Dolby
(Bibl.20) with a microprobe; the X line of chlorine of 238 ev, excited by
M.Langevin (Bibl.19); the oxygen line of 523 ev, excited by B.L.Henke (Bibl.21).
J.E.Holliday (Bibl.21) detected the Xx emission of beryllium of 110 ev.

These performances at low energies demonstrate the potentialities of the
proportioral cournter and the usefulness of such a detector for the energies that

we wish to investigate here.

III. EXCITATION OF FLUORESCENCE BY MEANS OF KADIOCISOTOPES /26

The supply of energy to the atom, permitting the expulsion of an electron
from the shell that is to be excited, basically proceeds in accordance with two
modes.

The first mode utilizes the energy furnished by the sufficiently acceler-
ated thermal electrons. In the mode of direct emission, these electrons strike
the specimen and excite its fluorescence radiation. This process is used in
the microprobe which focuses the electron beam on an area of pm°> of the speci-
men. More often, the electron beam strikes a metal surface (anticathode) where
the deceleration of the electrons generates an X-ray radiatiorn of continuous
spectrum, to which the fluorescence line spectrum of the anticathode is super-
posed. This X-ray radiation then excites the fluorescence of the specimen,

The second mode of energy supply consists in using the radiation of radio-
active isotopes.

The excitation of fluorescence will take place under different conditions,

that must be defined in accordance with the type of nuclear radiation used.
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However, all of these sources have several properties in common:

a) The energy of the particle or of the quantum emitted by the source
must satisfy the imposed conditions for obtaining a satisfactory
efficiency of fluorescerce excitation of a given element.

b) The half-life of the radioisotope must be sufficiently long.

c) As high as possible a specific activity should be selected.

d) The radioactive source must not be contaminated.

I1I.1 Excitation by Photons

The interaction of a photor with the atom may take various forms; a
dozen of processes are theoretically possible., However, for photons of energies
below 100 Kev, these processes are restricted to inelastic Compton scattering,
to the photoelectric effect, and - in the case of soft X-rays - to elastic
Rayleigh scattering.

The photoelectric effect, in accordance with the process indicated in
Section I.k4, will excite fluorescence of the specimen,

In the investigated shell, the energy hv of the photon is transmitted as/27

follows: s
b v = E,+E
where
Eqe = kinetic energy of the electron ejected from the shell q;
Eq = binding energy of the shell q.

This energy E, can be converted, during de-excitation of the atom, into

X-ray fluorescence radiation or into an Auger electron.

Influerce of the Excitation Energy

Returning to the formula that gives the intensity of fluorescence radiation
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excited in a binary target (Section I.4), we have

1 . i
L. Ay, = 1 ‘ re 1l Gy Hy !
2 i 2""&1-91 . « B —_——. 8in @
4T R Tq b fa
)\1/)\1
in O . .
1+sn Hi
gin v Hy

For a target, formed of a single element, we have M, = p,.

In ¥, for soft X-rays, the component {; is principal so that we obtain

-

(1 1 . rg-1 N1/Ay |
9}y =T . e ° Pi . 8 o 8inQ ., B e i
4 m R2 T 1+8m® TR

sin ¥ By g

It seems that I;, i increases with increasing A;; however, A, must be
lower than Ay (value corresponding to the absorption discontinuity q). The
double condition Ay < Ay < A; requires a value of -;%— below 1.

Assuming that the absorption coefficient y is proportional to A* and ne-

glecting the scattering, we have

i

b WA
i o~ i :
ul ~6—1) - 1 /rq .

Posing /28
4 |
; <:? 1:) . fA 1/ '
A A\ stoo |
rs - H
M r, sV ?
we obtain .
L,.i~nvR . £ A1/Ap,
. Ay . Az
Thus, Fig.6 shows the course of f ( X ) as a function of .t for the
1 4

1

K line of aluminum (Bibl.11).
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Selection of the Radioisotope

The importance of proper selection of the radiation A;, which excites the
fluorescence radiation Ay, is quite obvious.
The accompanying Table gives the X-ray generating isotopes of an energy

below 10 Kev.

TABLE OF X-EAY SOURCES BELOW 10 Kev

Isotopes T  Fmission Mode X-Boy.Energy : ;g:gi::ﬁzize

Be’ 53 days | 12 % 478 Kev, EC

catl 1,1.10% yrs EC

1144 103ys | ¥ 70 Kev, EC

v 49 1yr EC

crdl 27 days Y 323 Kev 10 %,e”, EC

g4 300 days Y 835 Kev 100 %, EC 100 %

un53 2.108 yrs EC

Fe°® | 2,94 yis EC

€o®” | 210days Y 123 gev, o, &

co%8 72 days B* 14 %; Y 800 Kev; EC 86 %

Ng5S 775,10 yrs EC

zn%3 o} 250days B' 2% Y46 % 1,11 Mev EC

Ge'l | 11.4dcays . EC

h’s, s f T6-days EC

Se'° 127 days B" . Y 10 % 265 Kev, EC
{

Most of these sources emit, by K capture, the line of the lower element Z.
This line spectrum yields satisfactory peaking ratios. Consequently, the Zgg
nurber of energy sources below 6 Kev is limited. The pericd, the purity of the
X-ray spectrum, the specific activity, and the possibilities of conditioning
355

make it preferable to use F for elements with an atomic number Z below 25.

As will be demonstrated below, the emitters of charged particles can use the
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low-energy relay for producing X-rays by secondary effects. The @ and B
particles are able to excite the characteristic X-ray radiation of a given
radiator. The betas produce, in addition, a continuous X-ray background by

bremsstrahlung.

111.2 Excitation by 8-Particles

An ionization of the atom, in its most rigidly bound shells K, L, +.., by
B-particles will produce the emission of characteristic lines of this atom.
This lire spectrum will be superposed by a continuous X-ray spectrum known as
bremsstrahlung, produced by acceleration of the particle irn the Coulomb field
of the nucleus.

Wher: using this excitation process and in the case of a nondispersive
analysis, it is suggested to prevent the P-particles, back-scattered by the
specimen, from penetrating into the detector. This is readily obtained by
using a magnetic field (Bibl.22). The X-ray bremsstrahlung, although it does
contribute to exciting the fluorescence radiation of the target, might deterio-
rate the contrast of the characteristic peaks, due to the continuous background
which it imparts to the detected spectrum.

Ar indirect technique of utilizing f-sources consists in using these for
producing X-rays in an intermediary target. Different variants of this method
have been applied (Bibl.7, 8, 9, 10).

The mean output of energy radiated through bremsstrahlung by an electron
of energy E, in a target with an atomic number Z, is represented by the formula
confirmed by Wyard:

E, ~ 5.8 . 1000z . F?

where Eg and E are expressed in Mev,
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For the entire B-spectrum we will have

1
Eg= 5.8 . 0%z . 8 J v?Krm dv
o]

where ’ 129
Eg;

proportion of the B-particle spectrum in the energy interval E

S|

,<..
H

N(¥)ay

to E + dE, such that

1
éf K(w) dv = 1.

The intensity of the internal bremsstrahlung has the form
- -4 f
Ejp = 3.7 . 10 Eza -

If, in first approximation, the direct excitation of characteristic X-rays
by the betas is independent of the production of bremsstrahlung, the excitation
of fluorescence will depend directly on the intensity of the bremsstrahlung
spectrum, having an energy greater than the energy of the‘fluorescence line under
consideratior.

The number of photons I, produced by the f-particles over excitation of

the level g, will be

Iq = g dq (E) 1.3 (E) dE.

e

Here, Jg(E) is the rormalized B-particle distribution:

) d E

Cq = effective cross section for excitatior;
E = mean free path of monoenergetic electrons.
For energies below 0,1 Mev, we have _
R(E)= 1.5 E2 gm/ caZ.

The accompanying Table compiles the results of experimental studies on the
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efficiency of production of X-ray radiation by B-sources.

results is limited to the experimental conditions described by the authors.

Authors and Bibliography Source Target x/B Xg/ Zorem.

STARFELT (Bibl.23) pri4d Pb 4.3%.

LEVEQUE (Bibl.24) (5r+Y) 80 Pb 3.99% Peak: x‘ kS n-m
the height x ‘.
of st.oppxgg .

CAMERON, RHODES(Bibl.8)| H® / Ti 1.3x10"%¢ 2.3

'REIFFEL (Bibl.) sr90 Sa 3.5 % 1

These experimental results confirmm the theory:

low energy, excitirg radiators of low atomic number,

yield.

The following Table lists the B~ emitting radionuclides of low energy.

Isotopes T Emission

3 12.26 years B 18 Kev .

63 - '

Ni 80 years B* 63Kev and XK of Niand Cu,7.47, & 8 Koy

187 10 .

Re 5.107" years 63% 9°< B Kev isometric transition- Y 0.133 Mev
Ac227 21.8 years 98% 6" 45Kev 1%. O 4,0 Mev-and nomerous mtnn‘

7 . descendants O and Y s
pp210 ;

19.4 years B” 17TKev and Y of 46 Kev

An original type of source-plus-radiator unit is composed of a zirconium

The use of B-sources of

is characterized by low

The validity of these

or titanium foil (radiators) in which tritium (B-emitter) is fixed by adsorption.

Figure 7 gives the spectrum of a H?/Zr source, described in the second

portion of Section III.Z.
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The sources of adsorbed tritium, developed and used in British Labora-
tories (Bibl.8, 9), have come into gereral use for excitation of elements of
low atomic number. For the analysis, G.Seibel (Bibl.25), using 2.4 curies of
H?/Zr, a radiation path in vacuum, and detection and analysis by proportional

counter, obtained the results shown in the accompanying Table.

N m
Standards Pe CosCa 510, Al,04 MgO
-1
X-ray radiation Feg (;l‘ Big 7 Al y Mgy '
Energy (Kev) 6.39 3.69 1.74 1.48 1.25
Intensity (cts/sec) 1100 1050 110 30 100
Background (cts/sec)* 19 15 11 12 .

# Background noise measured on either side of the line.
I11.3 oa-Sources

The production of an X-ray fluorescence radiation, from a-particles, has
been demonstrated and investigated since the beginnings of nuclear physics
(Bibl.29, 66, 67, 68, 69, 70).

Born's method (Bibl.6b6) for treating collision processes is valid only if
the velocity of the incident particle is large with respect to the rate of revo-
lution of the knock-on electron. Although this condition is not satisfied in
the case of a-particles and electrons of the K shell, Born's method does yield
satisfactory results, Henneberg (Bibl.69) explains this by the fact that the
expression of the excitation probability, derived by Born, is only a first ap-
proximation and that it will suffice only as long as its value remains small
with respect to unity., Thus, this condition is still satisfied for aluminum

where the probability is 1/1000, which decreases even further for heavier atoms.
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In accordance with Henneberg!s theory, Buhring and Haxel (Bibl.28) derived
an expression of the effective cross section ¢ for emission of X-K rays, as a

function of the erergy of the incident particle a:

C(E) = 1.408 . 10719 | wy 2zt 91 9 (n) in cm? ;
where -
wy = fluorescence yield K for the atom of an atomic number Z;
Ef (ev)
B = ——— = ratio of real to ideal ionization energies K;
13.53 -Z
%o (n) = a dimensionless function; /3L
, : o
? 01.e Lom 2t 1+n (An) s
- . . . 4 —— escene ]
o (ﬁ) . e (1 . ﬂ) 3 1™ n A
EE L . tbers -
R v 7. E = energy in Rydbergs (1 Rydberg = 13.5 ev)
® = 0.68 7

My o Nytom |
8 = ————F reduced mass of the o-particle, in unit electron
My *+ Motom

massSe

Bothe and Franz (Bibl.32), on the basis of their experiments, found the

. . s s . 1
production yield of characteristic X-rays excited by the ao-particles of Po-t° R

where this yield by @-particles ranges from 5/ x 10°° for magnesium to 2./ X%
x 1072 for zinc.
Buhring and Haxel (Bibl.28) studied the production of characteristic X-rays

of nickel, copper, and molybdenum under the following experimental conditions:

o]

A source of Po°'° of 5 mC*, in the transmission mode, excites the fluorescence

of a radiator. The influence of the energy E of the o-particle on the intensity

I of the X-rays is expressed by the relation

~S '
{(E) Enﬂg

SamEgi

If ¥ is the number of quanta emitted per single o-particle of 5.2 Mev, the

#* mC = millicurie.
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authors give the following results:

Excited Element 2 ¥ n
Ni 28 18.7 . 1074 4.8
1
Cu 29 4.8 . 107* 4.8 |
‘1
Mo 42 0.61 . 1074 5.3 !

These studies and experiments show that the yield of X-ray fluorescence
increases toward elements with a low atomic number; magnesium is the lightest
element used in these experimerts.

The short mean free path of the a-particles and the influence of the energy
of the particle on the fluorescence excitation requires special precautions for
the irradiation of a given specimen by such a source.

Among radioelements emitting w-particles of sufficient energy, we can /35
mention: chxo’ Pu?aa, Pu?ag, Anf‘l, Th?zs, szso, Cm?‘a, etc. Preference will
be given to radioisotopes without parasite vy, X, B radiations.

Although Po**° has a relatively short half-1life of 138 days, it is prefer-
entially used because of the purity of its emission of @-particles of 5.3 Mev.

Various authors (Bibl.26, 27, 30) have used the o-emission of Po°'° for
exciting fluorescence of light elements and for obtaining a low-energy reference

X-ray source. Friedman, using a deposition of Po>t°

on aluminum, obtained an
X-ray intensity several thousands of counts per second, under the aluminum line.
Cook and Mellish (Bibl.9), using an analytical setup, and a Po°2° source of
1 mC activity, obtained the results given in the accompanying Table.
Excitation of fluorescence by means of d-particles has the advantage of

yielding well-contrasted peaks; in fact, @-radiation produces no extensive

bremsstrahlung in the target, and the @ back scattering, which is negligible for
37




light elements, reaches 100% only at the highest atomic numbers.

Excited Intensity of r HRatio !
Element Target the Pezk ;*PeakfValley .
Al Al 18 BER X %
c1 Polyvinyl chloride 6 4 i

IV. ANALYSIS OF LIGHT ELEMENTS
We will here discuss the difficulties of theoretical and practical order,
ercountered in X-ray fluorescence arnalyses of light elements. By light element,
we mean all elements of the third period of the Periodic Table, occasionally
including titanium. If special precautions are taken, present technological
means will permit the range of this analysis to be extended to magnesium, in-

clusive.

IV.l Difficulties of a Theoretical Nature /36

The characteristics of an analysis at low atomic numbers, presented here,

most likely will not be further modified by technical variations.

a) Fluorescence Yield

The fluorescence yield Wx decreases steeply with decreasing atomic number
of the target; thus, for molybdenum, we have Wx = 0.7k which drops to 0.26 for
chromium and to 0.025 for aluminum. The number of photons emitted by the speci-
men decreases in favor of Auger electrons; this phenomenon was utilized by
Henke (Bibl.36) who was successful in spectrometering these electrons for an
aralysis of very low atomic numbers.

The orly possibility of compensating for this reduction in intensity of
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the X-radiation would be to increase the intensity of the execiting radiation.
This solution might have drawbacks, some of which are due to the phenomena dis-

cussed below.

b) Scattering of the Exciting Radiation

On exciting the specimen by X-rays having an energy corresponding to the
fluorescence energy to be detected, i.e., soft X-rays in our case, the efficient
cross section for Compton scattering decreases in favor of the effective cross
sections for elastic Rayleigh and Thomson scattering. However, at these low
energies and at the resolving power of our spectrometer, the change in energy
of the Compton scattered radiation with respect to the incident radiation is
negligible. For Fé“s, emitting photons of 2.103 ﬁ, the Compton electron will
have a minimum energy of

2,103 - o.oéq = 2,079 A i

Compton scattering and elastic scattering show a similar behavior with

respect to increasing the background noise; this will lower the accuracy of

quantitative analyses, due to a reduction in contrast of the peaks.

IV.2 Difficulties of a Practical Nature

The difficulties described here are specific for low energies. Moseley's
law./x = f (-%—) demonstrates the decrease in fluorescence energy at low atomic
numbers (in Iz, table of Ka energies of the elements of the second and third
period).

The use of these soft X-rays produces various difficulties, that will /37
be discussed beiow. The specific problems of exciting radiation will be dis-

cussed elsewhere.
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a) Absorption Characteristics

Low-energy X-rays are characterized by high absorption coefficients that
increase rapidly in inverse proportion to the energy. As a typical example,
let us take, for a mean free path of 20 em in air, the transmission T of the

following Ko lines:

X K7 Mn zZ = 25 T = 55%
X KO Ca zZ = 20 T = 10%
X KA Si Z = 14 T =

107% g

Thus, the trajectory of these radiations should take place in a trans-
parent medium., Spectrometers for low atomic numbers meet this condition by
producing a vacuum along the radiation path or by replacing the air with helium.
The major difficulty is encountered on traversing the window of the detector.
Various techniques have been used for reducing the absorption by this window;
first by decreasing its thickness and next by using materials of low density
such as mica, beryllium, and plastics (Formvar, Mylar, Zapon, etc.). These
latter can be obtained in minimal thickness and the constituent elements (C, H,
0, etc.) have acceptable absorption coefficients. However they exhibit poor
mechanical strength and, for the smallest thicknesses, must be supported on a
grid. In addition, such plastic films are necessarily porous so that, for
preventing a contamination of the detector gas by oxygen, the counter will have
to be operated with gas circulation.

Therefore, an important purpose of our future studies will be to investi-
gate and to design a "windowless'" counter (Bibl.3) so as to eliminate an im-
portant cause for the attenuation of the fluorescence radiation intensity of

light elements.
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b) Radiation Spectrometry

To recapitulate, we would like to review briefly the problems encountered
in dispersive spectrometry of soft X-rays. The low diffraction yield consti-
tutes a serious drawback here, Conventional diffracting crystals cannot be
used, leaving only the choice of synthetic crystals or lattices, formed by a
superposition of films for producing the desired lattice spacing.

The spectrometric technique used by us is based on a suitable selection /38
of the height of the electric pulse, furnished by a detector with linear enrergy
response. Since the proportional counter was the detector of choice, we will
review the characteristics of this spectrometry for low energies. It is obvious
that this type of spectrometry, at low energies, is limited by the background
of the equipment. It will be necessary to obtain a signal-to-noise ratio of at
most a few unities.

The background, accompanying the pulses, usually is the resultant of vari-
ous and frequently independent phenomena. The counter has a natural motion,
produced by the radiocactivity of its constituents, by the detection of cosmic
radiation, and by electrons ejected from the walls of the detector.

In the particular case of a counter without window, the intense background
that might be detected will be discussed further in Part Il of this report, in
Chapter IV,

Other causes, both electric and electronic, may be responsible for a large
portion of the background; these causes are inherent to the instrument and will
be discussed in Part II (Chapter I.3).

Simultaneously with reducing the background to the lowest possible value,
an attempt must be made to increase the electric pulse amplitude by the gas

amplification factor, by the electron amplification, and by the reduction in
/Al



the ground-to-anode capacitance.

It seems that nondispersive spectrometry for low energies will depernd on
the perfection of detection and on the electron amplification.

The detector, in our case a gas-filled counter, will rapidly reach an upper
limit. For example, in the case of the XX line of 52 ev of lithium, this
energy overlaps the X-ray and ultraviolet regions. The gas scintillation phe-
nomerna in the counter will cumulate to such an extent as to prevent any detec-
tion.

An analysis of the main difficulties, produced by excitation and detection
of the fluorescence radiation of light elements, discussed above, resulted in
the following selection:

radioactive excitation source of sufficient intensity;
proportional counter as X-ray detector;
compact geometry and elimination of the detector window, so as to
ensure minimum absorption of fluorescence radiation;
spectrometry of the pulse amplitude.
The techniques used and the results obtained will be described in Part II

of this paper.
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PART I1

I. EXPERIMENTAL UNIT yine

To increase the yield in the counting of fluorescence photons, we decided
in favor of a "windowless'" detector, differing from the conventionally used
type. However, the absence of a window produces some perturbation in the detec-
tion; to eliminate this drawback, it was necessary to create an auxiliary
electric field in the vicinity of the excitation source where ionization of the

gas is intense. These two points represent the novelty in our experimental

device.

Three functional parts constitute the instrument:
excitation and detection of fluorescence;
auxiliary electronic equipment;
installation for feeding the detection gas.

Figure 8 gives a schematic sketch of the overall installation.

I.1 Excitatiorn and Detection

An auxiliary volume of the counter contains the specimen to be analyzed
and the excitation radioactive source.

A lead cup, containing the source, stops the radiation of the latter in
the direction of the detector.

The absence of separation between the detector and the auxiliary volume
imparts a common atmosphere to the entire unit.

The irradiated sample has the form of a cylinder of 32 mm diameter and

several millimeters thickness.
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F N
Detection volume

1 - X-ray radiator: specimen to be analyzed

2 - Radioactive source

3 -~ Cup carrying the lead source

4, - Filament of the proportional counter

The preparation of the specimen depends on the form of the matter to be

aralyzed. For example, a homogeneous material could be machined to desired
dimensions, such as an aluminum alloy. A heterogeneous material, such as an
ore sample, will first have to be crushed to a grain size below 100 u. After
this, the powder is pelleted at a pressure of 150 kg/cn®, using a polyester

resin, Acrest type 7032.

1.2 The Detector

A proportional counter, designated as CP 1, was constructed for this
particular investigation (Fig.27).
The brass body prevents generation of parasite fluorescence lines in the /[4J

Li
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range of the investigated energies. Its useful diameter of 70 mm permits satis-
factory detection at the prescribed gas pressures. The length of 4,00 mm should
be sufficient to prevent the so-called end effects produced by the distortion
of the electric field at the ends.

Various anode filaments were used: stainless steel wire of 60 w; of tung-
sten 50 wu; of manganese 50 w. The anode wire must have a satisfactory surface
finish, constant diameter, and sufficient mechanical strength for withstanding
a stress of 100 gm on seating.

In the arrangement used, the wire is brazed at each extremity into a hypo-
dermic needle which, in turn, is brazed to a special VHV lead-in, furnished by
the S.A.I.P.; this lead-in is provided with a guard ring.

In addition, the counter is equipped with a conventional side window of
beryllium of 20 mg/cn?, with a useful diameter of 15 mm., This window permits
the introduction of a reference ray or the testing of both counter and apparatus.

The charging circuit, used in the counter, is shown in the accompanying

wiring diagram.

" Counter Charging circait =
——
40 mn
{ - 7 |
. i ) | &
100 . £ =

Insulator T
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Characteristics /48

If AQ is the electric charge collected at the anode, then the variation in

maximum voltage at the anode, for an infinite charge resistance R, will be AV =

AQ

= <= where C is the distributed capacitance, from the anode up to the grid of

the input tube of the preamplifier:

C =C¢ + Cpa
where
Cc = capacitance from the anode to the output terminal of the counter;
Cpa = capacitance of the input terminal from the preamplifier to the first

tube.
These capacitances are measured at a frequency of 1 ke, with a Métrix im-

pedance bridge.

Ce¢ = 16 paf
Cpa = 20 puf whence C = 36 puf .
(PAK)

The resolution of the counter was measured repeatedly with an external Fe®®
source and a mixture of A + 10% CHe. A resolution of 16.2% was obtained for an
energy of 5.898 Kev, corresponding to the Kv; emission of manganese; the Kp;

radiation of 6.4,9 Kev is filtered through a thickness of 28.6 mg/ca® chromium.

Measuring the Gas Amplification Factor

The detection of an a-radiation of sufficient energy permitted defining the
operating regimes of the counter by plotting (Fig.9) the relative height of the
pulse as a function of a variable anode voltage.

The @-radiation, used above, was produced by a residual contamination by

Po**°. The counting rate is about 10 ¢/sec and the mean detected pulse corre-
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sponds to an energy of 2 Meve This radiation is detected in the mixture A +
+ 10% CHq, at a pressure of 700 mm Hg.

The pulse height is measured by means of a Tektronix oscilloscope, equipped
with a 53 B slide-in chassis.

For a given point of the curve, the gas amplification factor A is known
from the ratio of the pulse height at this point to that on the characteristic
plateau curve of the ionization chamber, where A = 1.

For A = 1000, an overshoot appears on the pulse, making it necessary to
modify the integration constants and the differentiation of the amplifier.

Any pulse deformation will influence the low-energy spectrum and deterio- /50

rate the resolution.

1.3 Electronic Circuits

The electronic circuits must have adequate and linear amplification, so as
to ensure the lowest possible background.
The elements of this circuit are shown in Fig.8;
The VHV feed of the anode (S.A.I.P.) is regulated to within a few 107°;
The preamplifier used was either the standard CEA™ PJFB 1 or our own
construction, designated as PAK;
The amplifier was of the AP 10 type, of the CEA standard;
The amplitude selector was of the single-channel S.A.I.P. type; toward
the end of this work, we used the ,400-channel Intertechnique SA LO type.
The detection of weak electric signals requires numerous measures to elimi-
nate the background as far as possible. The material was selected to meet this

specific condition. The continuous VHV voltage must be freed of periodic or

% CEA = Atomic Energy Commission.
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random components. Since the background, due to electron amplification, is de-
termined largely by the first preamplifier stage, special attention was paid to
this circuit element.

The circuit diagram of the PAK preamplifier, constructed in our laboratory,
is given in Fig.28:

Heating: 6.3 v, continuous

Gain of 65, measured to within £10%

Input capacitance: 20 upf

Background fed back to the irput: —l3§z—, ice., 16 uv.

The AP 10 amplifier has a gain of 20,000, which can be regulated by a
damper at the input. Pulse shaping is made possible by an RC circuit or by a
delay line. A dephaser permits the output of a signal of desired sign.

We performed an energy calibration of the rise in intensity of the back-
ground at low energy. The reference energy of L.5 Kev is furnished by a Ha/Ti
source, external to the counter.

The operating conditions of the detector yield a measured gas amplifica- /52
tion factor of 6250.

At the total electron gain of 650,000, the rise in background starts at an
energy of 30 ev.

The filling gas for the detector CP 1 is a mixture of A + 10% CH4, at a

pressure of 600 mm Hg.

1.4 Gas-Filling of the Counter

The block diagram in Fig.8 represents the distribution circuit of the fil-
ling gas. This circuit makes it possible to operate the counter either closed

or in cireculation.
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A vacuum pump ensures proper gas flow for pressures below atmospheric; in
addition, the pump permits an evacuation of the counter before refilling with
gase.

Two needle valves of the Edwards type adjust the charge of the circuit up—
stream and downstream of the counter. These valves permit a regulation of the
pressure in the counter and adjustment of the flow, controlled by a spirometer.
A metal Bourdorn-type pressure gage measures the absolute pressure in the counter.

The guaranteed water and oxygen content of the gas furnished by the "Liquid
Air" Corporation is less than 5 ppm; to maintain this purity, complete tightness
of all tubing is essential.

A magnesium perchlorate column is used for monitoring possible dehydration

of the gas flux.

Pressure Regulation of the Counter

In gas circulation, the pressure regulation of the counter over the valves
A and B generally results in a deviation of the pressure value. This makes it
necessary to regulate the pressure, if it is desired to work with gas circula-
tion. A successfully tested pressure control method consists in stabilizing
the "position" of the peak produced by a source of constant intensity, by modi-
fying the pressure over the intermediary of the valve B.

The position of a given peak characterizes the power response of the in-
stallation; in a discrimination curve, the flank of this peak corresponds to
the threshold D.

The irtegrator for this threshold D furnishes the signal S which could /54
vary by AS if, for the same discrimination threshold, the position of the peak

varies.
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8§ = k . E . A‘ . Ael
where
k = constant
E = detected energy
Ag = gas amplification
Ae1 = electron amplification.

If P denotes the pressure of the counter, we have

f1(P)

f2(P).

Ag (see Section II.2 in Part I) and

S

Thus, it is possible to stabilize the position of the peak by influencing
the pressure P; such a stabilization will be possible for any variation in the
parameter affecting S.

However, this method is applicable only if the parameters other than P are
subject to minor fluctuations only.

In fact, too large a variation in pressure, for compensating a variation in
another parameter, will lead to a deterioration in efficiency of the counter and
will cause operation outside of the proportional region.

Figure 10 shows the wiring diagram of the comparator and amplifier.
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Block Diagram for Stabilization of the Energy Response
of the Counter

I1. EXPERIMENTAL CONDITIONS

Under the above-described conditions of fluorescence excitation of the
specimen and its detection by a windowless counter, a continuous spectrum is
generated which prevents spectrometry of the radiation emitted by the specimen.
Under the hypothesis that this noise is due to scattering, in the detection
volume, of electric charges other than those produced by the detection of fluo-
rescence photons in the gas, we attempted to attenuate the effect by collecting
these stray charges in an auxiliary electric field.

In this Section, we will investigate the influence of such an auxiliary /57
electric field, constituting an indispensable parameter. The optimum filling
pressure and the excitation geometry define parameters whose influence on the

counting rate or the yield of the detector will be investigated below.
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We will describe experiments in which 0.5 mC of Fe®® was used as excitation

source.

I11.1 Auxiliary Electric Field

Without special precautions, a continuous spectrum is detected whose in-
tensity decreases rapidly from zero energy to an energy largely corresponding
to that of the fluorescence of the specimen. The detection of a fluorescence
peak is made possible by establishing an electric field Ez in the auxiliary

volume.

The voltage V, applied to the anode of the counter, creates the electric

field E; whose value, at a distance 4 from the anode, will be

d Log
r

&

In the absorption volume, the electric field Qill be considerably below
this value of E;(,,, because of the deformation of the lines of force.

The electric field Ez, having a direction opposite to that of E, is estab-
lished by imparting a positive potential or a countervoltage (CV) to the elec-
trode, composed of the specimen holder and the specimen itself, if the latter
is a conductor. The resultant field E = ﬁl + Ea will be a function of the
variable CV.

Figure 11 indicates the influence of this electric field Ez on the detec-
tion of the K lines of fluorescence of the elements Al, A, and Mn. These /58
lines are produced, respectively, by a target of pure aluminum, by the argon of
the detection gas (A + 10% CH,, pressure of 190 mm Hg), and by the radiation of

55 . .
the Fe excitation source.

59




Wire at CV potential
P
Channel for gas passage

/ Specimen

A ' “«

> 4

DY

Y
v -

| Ea
—
Te

Arrangement of the Electrode Creating the Auxiliary Field

It should be mentioned here that the excitation source, in its immediate
vicinity, creates a zone of high ion density, and that the presence of a weak
electric field will contribute to establishing conditions favorable for intense
ion recombination.

The electric field Ez permits the collection of free electrons of low
energy, which are abundantly present in this strongly irradiated zone.

In practical use, the value of CV on which Ez depends, will be so selected

as to obtain the optimum peaking ratio of the fluorescence peak.

11.2 IJrradiation Geometry

The various sources used in our work are centrally arranged in the auxili-
ary volume, for irradiation of the specimen. A source of ring shape would also

be advantageous to use.
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Below, we are giving the position of the source with respect to the /60

specimen and the counter.

Svecinen —NFZLTT7 777777

A !
Source ~——m______| WI' i

e

Shield —

distance between source and specimen,
fictive input distance between proportional counter
and specimen.

Q.
o

The parameters a and d define the irradiation geometry and influence the
solid angles of specimen irradiation and detection.

Figure 12 shows thevariations incounting rate N as a function of the
values of a and d; the peaking ratio r is plotted as a function of d. These
tests were made on the fluorescence peak K of an aluminum specimen, excited by
an Fe° source.

The other experimental conditions included

gas A + 104 CH, at 200 mm Hg;
countervoltage, 130 v.

The plotted value N corresponds to the height of the peak, giving the so-
called low-energy background.

With the above parameters, the curve N = f(d) indicates the importance of
prorer positioning of the specimen., For d = 7 mm, a variation of only 1 mm in
this parameter will lead to variations in the counting rate of 10%.

From Fig.l2, we obtain the following optimum values, which will be used

below: a = 5mm; d = 7 mm.
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For practical reasons, we were unable to reduce the distance d to less than
7 mm, It should be noted that the signal-to-noise ratio improves with decreas-

ing d.

J1.3 Optimum Filling Pressure /62

171.3.1 Calculation of Optimum Pressure

Below, we will calculate the pressure of the filling gas for a counter,
giving maximum yield for counting of fluorescence radiation at predetermined

parameter values.

el
1

Anode

Parameters and Data

d = distance between specimen and fictive input of the counter, d =

6l



= 0.7 cm;
a = distarce between source and specimer, a = 0,45 cm;
¢ = diameter of the proportional counter, ¢ = 7 cm;
® = mean free path of the excitation radiation, yielding X-ray fluo-
rescence practically perpendicular to the surface of the specimen;
here, for gu = 27°, 6 =1 cm;
p = specific mass of the gas (P, Th;
A = activity of the source. We consider here the intensity d; emitted,
in a thin beam, by the surface of the source. At the surface of
the specimen, after covering a path & in the gas, the intensity dNe
of this excitation beam will be dNe = d; - éﬂh‘loé; 163
e = mass absorption coefficient in the gas of the exciting radiation A,;
#¢ = mass absorption coefficient in the gas of the fluorescence radia-
tion A¢;
dNp = fluorescence flux, induced by the exciting beam and emitted at the
specimen surface at an emergence angle of 900;
dN. = counting rate of the fluorescence di¢ = dN; - dNaz.
According to the formula obtained in Part I, Section 1II.1, giving the
intensity of fluorescence at the surface of the specimen, weApave

i
‘

dNo= dI . K . e H€+® (K is a constant)

dNe = dI . K . e He.mb o Hfmd g BT .nd,

If m denotes the mass of the gas per cr® at a pressure P, then

P 7D
B T e
Py
c.P 5 - ‘
é Nc : P ] ry Qle. +uf . dr) N .
= ) N ) b 4 H
dl. K
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Let us define the expression of maximum dN. as a function of P; we neces-

sarily must have

= 0
d P
pP oP
- —'—'(u -5 4'“‘ -d) - Ll . - '
5 N, Py e f 0.9 1 P
= K.e o He w . e
-6 p - e, h
. R - uf ._gJ’ ’
= Py N ',
- K Py (b +pp . d) .« e (He.b +ue . d) 1-e
For maximum dN., the optimum pressure P, will be /6L
!
Py e - ¥
Pp = ——  Log |14 —
U'f . p . ' ue-af u’f . d

Application at the Following Conditions

Filling gas Ar + 10% CH, p =1.563 x 10°% gn/en
Excitation source Fe° , Ae = 2.1 i ke = 24,0 cma/gm
Specimen aluminum, A: = 8,34 A pe = 1100 cma/gm

Countervoltage (CV) = 130 v.
With this, we find Py = 138 mm Hg.
Figure 13 gives the variation in counting rate N. as a function of the
pressure according to the parameter d.
An experimental curve is also given, showing a deviation from the calcu-
lated curve. The optimum cbserved pressure P, is 190 mm Hg, and a transfer of
the observed pressure indicates that the value of d used in the calculation had

been overestimated.
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I1.3.2

i

2 Determination of the Absorption Volume

The presence of the source holder, connected to ground, creates perturba-

tions in the resultant electric field in the vicinity of the specimen.

Because

of this fact, separation of the absorption and detection volumes does not occur

along a plane surface. Thus, if the distance d; from the specimen to this
surface is calculated in accordance with the real optimum pressure found in

Fig.1l3, this value of d, will be representative only for a mean distance.

According to Fig.l3, we have P, =

Pr -

The detection volume is represented By

et d
- 1.1 b o
]

from which we o _.. the equation

760
130 = T -3 Log
1100 . 1.563 . 10 ° (7.7 - d,)

From this, we derive

d. = 0.08cm .

1+

1100 (7.7 - d,)

9 + 1100 4,

Another determination of d, was made by exciting a titanium target by Fé“s,

with the geometry

4 = o.ns‘e-

&« = 0.50cm. .

On separating the auxiliary volume from the proportional counter by a

beryllium window of 1/10 mm thickness, the optimum pressure P, will be found to

differ little from the calculated value of Py .

The auxiliary volume and the counter volume are under identical conditions
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of gas filling. A measurement of P, , without window, yields
d, ~r 0.1 CI.,f
This value of d, made it possible to plot the curve for the real optimum

pressure as a function of the atomic number of the excited element.

This curve No.lj is valid only under the following conditions:

a = 0.,5 em
d = 0.70 em
dr = 0.1 cm,

The absorption coefficients are taken for filling of the counter with a
mixture of A + 10% CHg.

The F&° excitation source emits X-ray radiation of 2.1 A.

For very light elements (Z < 10), the filling pressure will become too low;
therefore, it is of advantage to use a gas of low density, such as a mixture

of He and CHsze.

IT11. QUALITATIVE ANALYSIS OF THE ELEMENTS OF THE SECOND /68
AND THIRD PERIODS

IIT7.1 Selection of the Detector Gas

The theoretical considerations developed in Part I, Section I1.2, induced
us to use a mixture of rare gases and polyatomic gases; the "Liquid Air" Corpo-
ration has various mixtures of these detector gases on the market.

The element to be analyzed, depending on the energy of its fluorescence
radiation, determines the selection of the gas mixture. The optimum pressure,
depending on the geometry used, defines the yield of the detector. This pres-
sure, which is a function of the density of the mixture, should be kept within

reasonable limits.
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The position of the leakage peak with respect to the energy to be detected

represents still another criterion for selection of the gas.

Leakage Peak

The X-ray radiation to be detected, of an energy hv, produces ionization
and excitation of the gas. By photoelectric effect, the photon hv is able to
eject an electron from the K shell of the rare gas, where the binding energy of
this shell is Ex. This photoelectron loses its energy hv - Ex by ionization of
the gas.

If an Auger rearrangement of the gas atom takes place, an Auger electron
of energy Ex - 2E. is emitted within 10°*° sec after ejection of the photo-

electron. In that case, the totality of energy is collected:

hv- ‘x"‘% - 2E, O~ bV,

If a fluorescence rearrangement is involved, the emitted photon of energy
Ex - E_ will have a low probability of being absorbed in the gas. In that case,
the counter absorbs the energy hv - Eq.

Thus, the spectrum will contain the energy peak hv and another peak known

as "leakage peak" of an energy hv - Ex.

Fluorescence of the Gas

In the auxiliary volume, close to the source, the gas atoms are strongly
excited and are able to emit fluorescence which is superposed to the detected
spectrum. |

For an analysis of elements of the third period, the gases A and Ne /70

permit working at admissible pressures; gases such as He and the pure poly-
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atomic gases are especially suitable for elements of the second period.

If the leakage peak or the fluorescence peak of A and Ne interfere with
the fluorescence of the element to be analyzed, these gases could be replaced
by light gases that give no parasite peaks; in that case, a lower detection
yield must be tolerated.

In Fig.l5, the peak of sulfur is detected in the mixture He + 90% CH,,
with a lower detection yield, and in the mixture A + 10% CHq where the argon

peak encroaches on that of the sulfur.

II11.2 Excitatiorn Sources Used

Various radicactive sources were used for exciting fluorescence of the

elements of the third and second period:

1 /zr B ~ X emitter

- 85

Fe X emitter
Poalo a emitter.

The sources described here were rot produced specifically for this study;
they were available at the laboratory or were taken from regular production.
Below, we will give the results obtained with each type of source, the

. conditions of their use, and the advantages or disadvantages encountered.

I1I11.2.1 K /Zr Source

Tritium (half-life, 12.26 years), when adsorbed on zirconium, emits B-
particles of a maximum energy of 18 Kev; these electrons induce a secondary
X-ray radiation by bremsstrahlung and excitation of the fluorescence of the

metal of the holder.

Figure 7 shows the detected spectrum of such a source.
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The source used, having an activity of approximately 0.8 curie, is designed

as a thin disk of 10 mm diameter.

il

0.35 com 122
0.70 cm.

Excitation geometry: a

it

d

Figure 16 shows the X-Ka peak of aluminum, excited under the mentioned
conditions. The diagram shows the Ko peak of copper, produced by excitation of
the counter envelope, as well as the intense fluorescence peak of argon.

In Fig.l7, the aluminum peak occurs at 50 v.

Figure 18 gives the intensity of this peak in accordance with the filling
pressure. At constant electron gain, the position of the peak at 50 v is ad-
justed by variations in the very high voltage (VHV). On the other hand, the
countervoltage (CV) is given a value such that the background will remain con-
stant at 20 c/sec, at the 10-v position of the spectrum. |

At a constant pressure of 480 mm Hg, Fig.l9 shows the variations in the
background and in the peaking ratio r, as a function of the CV,

For aluminum, the optimum pressure is located near 100 mm Hg; the preced-
ing diagrams show the difficulty of going down to this pressure without raising
the CV to a relatively high value. In the next Chapter, we will demonstrate
that this difficulty apparently is due to the high activity of the source rather
than to its nature.

A major drawback of this source was a contamination of the filling gas and
of the counter casing by the tritium.

The liberation of tritium from the source could be reduced by not producing
a vacuum before filling the counter or by using special sources with a very thin
aluminum coating. In addition, circulation of gas will 1imit the effect of

contaminatione.
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The sources of adsorbed tritium have a high specific activity and their
X-ray emission has a sufficiently low energy for properly exciting the fluo-

rescence of light elements.
I11.2.2 F&® Source

The Fe ~ , by K capture, emits

55 55, ¢
26F¢ * -1 €g——empsin * YV

which is the Ko fluorescence radiation of manganese at 5;398 Kev,
The half-life of this source is 2,7 years. yiin
The source was designed as a disk of 5 mm diameter, with an activity of
0.5 mC.

Irradiation geometry: a = 0.45 cm

d = 0,70 cm.

With this source, of less activity than the other source, the background
at low pressure remains acceptable, so that it is possible to trace the fluo-
rescence spectrum of an aluminum target (Fig.20) at the optimum pressure of
190 mm Hg.

TABLE OF KECORDED SPECTRA CORRESPONDING TO THE

CHARACTERISTIC PEAKS OF THE ELEMENTS OF THE
THIRD PERIOD, EXCITED BY THE Fe®® SOURCE

Elements Type of Target No. of Fi;rs'
C1 Polyvinyl chloride 22
s Pelleted sul fur 15
Al Al 20
Mg Mg 23
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In Fig.2]l, the variations in the background at 6 v on the spectrum No.20
are plotted as a function of the CV.

The peaks, appearing at 5.9 Kev, are due to back scattering, on the target,
of exciter photons of 5.9 Kev energy.

The intensity of the peaks of light elements, such as Al and Mg, could be

increased by using excitation sources of higher activity.

Specimen
Excitation by central source Excitation by ring souree f

In the central geometry, the increase in activity of the source will 176
lead to an increase in its surface and thus to a shadow effect which becomes
prohibitive. The use of a ring source would permit a greater activity at an
acceptable shadow effect.

For a high activity, the central geometry can be retained if a Fe° source
of high specific activity is available. This particular F&° is produced in
the Oak Ridge cyclotron over the reaction Mn + p. Specific activities of

800 mC/mg are obtained, permitting the production of quasi-point sources.

210

I11.2.3 Po Source

° emitter of a-particles with 5.3 Mev has a half-

The practically pure Po**
life of 128 days. This radioisotope has been used in the form of a standard
C.E.A. source, of the SA 2 type:

outer diameter, 16 mm

. . 2
mica window of 1 mg/em
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activity of the source, 6 mC
adopted geometry, a = O.4 to 0.5 cm.

In exciting an aluminum target, a strong background is observed at the
optimum pressure of 190 mm Hg. The fluorescence peak separates from the back-
ground on increasing the pressure. The @ path and the volume of the plasma can
be limited by increasing the pressure. ‘

Figure 2, shows the characteristic Ko peak of aluminum, for a pressure of
725 mm Hg.

The intensity of the peak is particularly high; we counted 2,60 c/sec at a
reduced background and a peaking ratio of 10.

The experiments with this particular source had to be interrupted, due to
contamination of the counter with Po°*°. The fact that a pressure drop occurred
in the counter no doubt permitted the polonium to migrate through the mica.

Bouteiller (D.E.E.) studied and developed a model source of the type SA 3
of reduced dimensions, provided with a stainless steel window of 6 p thickness.
After vacuum tests and practical operation over a period of several months,
these sources were found perfectly tight and thus completely uncontaminated.

The accompanying sketch shows the geometry of the irradiation used, with

the type SA 3 source.
Specimen @

E£

" \_Source
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This steel window noticeably decreases the energy of the emitted a-par-
ticles, but imparts a much greater ruggedness to this type of source.

At the time of its use, the source had an activity of about 0.8 mC.

The excitation by this source of elements of the second period gave in-
teresting results; the K@ lines of fluorine and carbon were detected in a satis-
factory manner.

A plate of LiF constitutes the irradiated target and the X—fay fluorescence
emitted by it is detected in pure methane.

Figure 26 gives three radiation spectra detected at various pressures of
the gas.

At a pressure of 500 mm Hg, the detection yield is low for the KoF line of
the target. Conversely, the Ka lirne of the carbon of the CH4 gas is strongly
excited in the absorption volume and manifests itself in a relatively intense
peak.

Detection of the X-ray radiation Ka of fluorine gives a peak of an intensi-
ty increased at the expense of that of carbon, at a pressure of 200 mm Hg.

The optimum pressure for the detection of the KaF line is 70 mm Hg. The
peak of carbon is practically nonexistent in the spectrum.

To reduce the contribution of the Ka line of the carbon in the gas to the
spectrum, it is suggested to use a gas mixture of, for example, He + CH4 which
would have the advantage of increasing the optimum detection pressure for the
elements of the second period.

The use of an a-source does not permit application of the relation for the
optimum pressure, as derived in Section II1.3. In this case, the energy loss of
the a-particle in the gas must be taken into consideration, since the efficiency

of excitation of a given element depends on the energy of the particle, in
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accordance with a relation of the form kE* (Part I, Section III.3).

£
»

IV. BACKGROUND AT LOW ENERGY /8L

The elimination of the counter window introduces two new factors with re-
spect to conventional detection. The first is the possibility to detect elec-
trons coming from the auxiliary volume and the second is the creation of a
strongly ionized zore in the atmosphere of the proportional counter. The basic
phenomena, accompanying these two factors, are schematically given below:

( ion recombination

Creatior of a plasma ﬁ gas scintillation

_ scattering of free electrons

( deformation of the electric field

Windowless proportional ﬁ detection of Auger electrons
counter

L detection of low-energy free electrons.
Under these conditions, the fluorescence to be detected is masked by a
continuous spectrum having an intensity that increases toward low energies.
In this Chapter, we will discuss the phenomena believed to be correlated
with the background. For certain hypotheses (Auger electrons, distortion of
the electric field), experiments were made in an attempt to substantiate these

assumptions.

IV.1 Auger Electrons and Free Electirons

The Auger electrons, created in the target, have a kinetic energy of Ex -
- 2E.; on arriving in the detection volume, this energy is decreased on travers-
al of a portion of the target and the gas in the auxiliary volume. The elec-

trons, on arriving in the detection volume, exhibit a continuous spectrum of
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the maximm energy EK - 2EL=

28524

Iv.l.l1 Countervoltage

After having stipulated the hypothesis that the obtained continuous spec-
trum was due to a detection of low-energy electrons resulting from the creation
of Auger electrons in the target, to scattering of free electrons of the /85
plasma, and to scattering by electrons ejected from the walls of the counter by
X~ray radiation, we studied the possibility of collecting these undesirable
electrons by an electric field. For this, an electric field Ez, as described
in Section II.1, is established ir the auxiliary volume. Figure 11 shows a de-
formation of the continuous spectrum under the influence of this field, to-
gether with the fluorescence peak emerging from the background, for a suffi-

ciently high value of the countervoltage.

IVv.l.2 Mylar Window

An experimental assembly was constructed for stopping the electrons emerg-
ing from the auxiliary volume and thus preventing their detection. It is as-
sumed that the energy of these electrons does not exceed 5.89 Kev, which would
correspond to that of the photons of the Fe®® excitation source.

A Mylar window of 1 mg/cm;a stops most of these electrons (Bibl.55). The
design was so afranged that the auxiliary volume was at the same atmosphere and
pressure as the counter.

At the indicated dimensions, the Fe® excites an aluminrum target, Ka Al =
= 8.3L i or 1..8 Kev.

The detection gas used was A + 10Z CH4, at a pressure of 190 mm Hg.

87



__Aluminum

a= 0.5 cnm '

d= 0.8%04ca |

_ mylar

The obtained results are given below:

Without Window Mylar Window
CV =250 v cv = 0
K @ Al peak 73 c/sec 31
Background 15 c/sec 8.
Intensity of the peak 73 - 15 = 58 c¢/sec 23
r, peaking ratio 4.9 ‘ 3.9
Let us use a ratio between peaks of /86
23 i

- - 0 ‘

The transmission of the window for a radiaﬁion of 8.34 & will then be

My = w0 etrem | (min1.s6)

-3
. . . - 1
from which we obtain the transmission as e 8s0x1x10 = 0,428,

Transmission of the gas:

Assuming that the Mylar is deformed and follows the contours of the source
holder, as mentioned above, the distance d will be equal to a, i.e., 0.5 cm.

In the experiments without window, we must take into consideration an ab-
sorbing gas layer (Section 1I.3.2) whose thickness of 0.1 cm is known with an
accuracy of the order of 20%. In experiments with window, the absorbing gas
layer will then be d = 0.1, i.e., 0.5 - 0.1 = O.4 cm.
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mass absorption coefficient of the gas reads:

by = 1050 ca’/gm

and the transmission then is é'1°5°“156x1°-3’%§%"'x°‘ = 0,903, This value is
determined to within 3.3%, because of the inaccuracy of the geometry.

The total transmission then becomes 0.903 x 0,428 = 0,387,

This value differs by -2.5% from the intensity ratio of the peaks, but can
be explained by the geometric indeterminacy.

According to the above statements, the detection of electrons coming from
the auxiliary volume is a demonstrated cause of the low-energy background. The
auxiliary electric field permits collecting the free electrons of the lowest
erergies and thus prevents their scattering toward the counter.

For a = 0,5 and CV = 250 v, the maximum electric field will be 500 v/cm.

In the source - specimen space, the electrons of an energy below 500 ev can then

be collected,
Iv.1.2 Pressure /87

To permit proper collection of the electrons supposed to be in energy
equilibrium, it would be useful to decrease their velocity. In a plasma, the
collisions between ions impart a velocity w to these ions, whose expression
w =W —%— demonstrates that this velocity depends on the mobility p# of the ion
in question, on the electric field E, and on the pressure P.

Thus, it is obvious that P must be increased in order to decrease w. Con-
sequently, to obtain the peak of fluorescence, it became necessary to increase
the pressure above the optimum pressure, in cases of excitation of the target

by relatively intense sources of H /Zr and of Pc®*°.

It should also be mentioned that an increase in pressure, within the range
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of O to 1 atm, will increase the recombination coefficient o (Bibl.50). Thus,
from 150 to 450 mm Hg, the coefficient @ of the air will change from 1.1 X 16°

to 2 x 1.

IV.2 Deformation of the Electiric Field

We were interested to determine whether the perturbation produced in the
principal electric field E; by the aperture zone of the auxiliary volume, may
be responsible for a flattening of the peak, leading to a deterioration in the
signal-to-noise ratio. However, it seems that this phenomenon is of minor

significance with respect to the results given below.

IV.2.1 Aluminized Mylar

The idea of separating the volumes of the counter by Mylar, as described
in Section IV.l, has been picked up again, using aluminized Mylar of less thick-—

ness. The results for the Ko peak of aluminum were as follows:

peak 35 ¢/sec
background 8 c/sec
r holie

Thus, the ratio r has become more favorable, by changing from 3.9 to L.h.
IV.2.2 Grid /88

An attempt at an electric separation of the two volumes by a metal grid,
carrying the excitation source, did not give encouraging results. With the grid
connected to ground, the ratio r does not exceed 2.5 and increases to 3.2 when

bringing the grid to a potential of +80 v.
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IV.3 Pherocmena Accompanving Ton Recombination

In the strongly irradiated zone, close to the source, the high ion density
ard the weak electric field favor an intense ion recombination. The rate of

is a function of the density M* and M of the positive and

. . dn
recombination at
negative ions per cmf, having the form

dn . ; ;
—— = - (1 . . . f
dt ol v

where @ is the recombiration coefficient of the gas—which, in turn, is a func-

tion of the type of gas, the electric field, and the pressure (Section IV.1l.3).

IV.?.1 Incomplete Detectiorn of the Fluorescence Quantum

For the photoelectrons produced by fluorescence in the vicinity of the
target, there is a recombination probability with the existing population of
positive ions. This phenomenon will prevent complete detection of the electrons
produced by the quantum hv, so that the detected spectrum will contain a tail
at low energy.

This effect can be counteracted by lowering the coefficient o over an in-
crease in the electric field Ez or by lowering the pressure. Another possibili-
ty is to diminish the distance d that limits the recombination zone. Figure 12

shows that the decrease in d will lead to an increase in the peaking ratio,

IV.2.2 Gas Scintillation

Gas scintillatior can be induced by radiative and dissociative recombina-
tion of the ions produced in the detection gas., Such a scintillation would
give an intense contiruous spectrum in the ultraviolet region. This radia- /89

tion band, for the case of xenon, is located between 3000 and 5000 i (Bibl.52).
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Stacking phenomena would have to be expected here, since the duration of the
luminescence is extremely short. L.Koch (Bibl.54) obtained pulses with pure
xenium whose width at midheight was 3.3 x 10° sec at a pressure of 74,0 mm Hg.
With the gas mixtures used here, the scintillation will be greatly attenu-
ated by the presence of polyatomic gases such as methane. It is well known
that small amounts of oxygen, carbon monoxide, carbon dioxide, ammonia, methane,
and various organic vapors would be sufficient to suppress the luminescence of

the rare gas.
CONCLUSIONS

After excitation of the specimen by a radioactive source, the generated
fluorescence is detected by a gas-filled proportional counter and then analyzed
by spectrometry of the pulse amplitude. A special proportional counter was
constructed, permitting the fluorescence emitted by the target to penetrate
irto the detection volume without traversing a window. The window of conven-
tional detectors strongly absorbs the soft or ultrasoft X-rays but also elimi-
nates the electrons traveling toward the detector. Therefore, it was necessary
to provide an auxiliary electric field, to be used as a stopping medium for the
electrons scattered toward the detection volume. This system has the advantage
of adjusting the absorption volume to the range of the Auger electrons and thus
to permit optimum transmission of the fluorescence photons from the target to
the detection volume.

An optimum filling pressure of the detector is defined in accordance with
the geometry of the device, the nature of the gas, and the respective energies
of the X-ray radiation of excitation and fluorescence. This optimum pressure

corresponds to a maximum efficiency of the detector, for a given X-ray energy
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and thus plays a selective role with respect to other energies.

For circulation operation of the detector, the principle of peak stabiliza-
tion is presented,

We also gave the main characteristics of X-ray fluorescence excitation for
X-rays, B-radiation, and @-radiation. In this investigation, the excitation of

=3
e&

the target was obtained either by X-ray radiation (F and H*/Zr sources) or

by a-radiation (Po®'°).

Some results obtained for the detection of X-Kuo rays
of elements are given, ranging from chlorine to carbon.

It must be taken intc consideration that, in these experiments, the /90
sources which are not comparable in activity, nature of emission, and geometry,
will naturally determine different parameters.

The optimum excitation and detection parameters were defined only for the
Fe*® source.

However, a gqualitative comparison for these experiments is readily pos-
sible,

The X-ray spectrum, emitted by a H/Zr source, is highly suitable for the
excitation of elements of the third period; however, the liberation of tritium
from such sources constitutes a major obstacle to their use.

The Fe®®, at satisfactory yield, excites the last elements of the third
period and can alsc be used for the first elements; however, starting from
aluminum and magnesium, preference should be given to a-sources which are the
only ones useful for elements of the second period.,

Consequently, an excitation of light elements by a-socurces, using the
described detection system, made it possible to obtain fluorescence spectra of
low energy which, until now, could only be demonstrated by means of complex

instruments such as the Castaing microprobe (Bibl.20) or by the use of X-ray
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tubes of special design (Bibl.21).

The advantages obtained from the possibility of analyzing elements of the
second period are obvious when taking into consideration that all organic ma-
terials contain carbon and, in numerous cases, large amounts of nitrogen and
OXygen.

The described process, in a suitably adapted version, could be used for

dosing and controlling light elements contained in industrial products.
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